Ka-band communications is one of the most important technologies for increasing the amount of data acquired in deep space missions. As a first step toward developing this technology, a Ka-band extender was attached to an existing X-band transponder. The Ka-band extender can generate Ka-band signals from the transponder's signals. The extender is designed so as to reuse design elements of the X-band transponder. This approach ensures reliability of the extender without additional qualification, lowers production costs, and allows for flexibility in the Ka-band extender configuration. For instance, the minimum configuration is a simple upconverter, which is realized by sharing circuits to the greatest extent possible with the transponder. The extender is compatible with the Ka-band specifications in Consultative Committee for Space Data Systems standards. Properties such as a flexible coherent ratio, high-speed analog and digital modulation, and ultralow phase noise for radio science missions are provided. Here, a breadboard model of the Ka-band extender was evaluated in experiments. The Allan variance of the Ka-band output signal was less than 1 × 10 -12 (at 1 s), 1 × 10 -13 (at 10 s), and 1 × 10 -14 (at >100 s) when an external reference signal was used. The Allan variance degradation and phase noise degradation, which were caused by the internal phase locked loop or frequency translation loop, were also measured. The measured phase noise degradation was about 25 dB from the theoretical value.
Introduction
NASA and ESA have already started using the Ka-band (32 GHz) instead of the S-band (2 GHz) and X-band (8 GHz) for high-rate data transmission, precise orbit determination, and radio science in deep space missions 1, 2) . In contrast, JAXA has never used the Ka-band in deep space missions, although an X-band deep space digital transponder was used in Venus exploration (Planet-C). However, the need for high-rate data transfer has been steadily increasing and the Ka-band is planned to be used in Hayabusa 2. For that mission, an average data rate several times higher than the rate in the original Hayabusa mission is planned through the use of a Ka-band downlink in combination with conventional X-band links. From a technical standpoint, onboard Ka-band equipment must have light weight, low power consumption, high spectral purity, and high reliability. For the developed Ka-band extender, the transponder turnaround ratios (between uplink and downlink frequencies), the number of channels, the allocated frequency bands for deep space missions, and the delta differential one-way ranging (DDOR) tone frequencies are listed in Table 1 . Although the same number of channels has been allocated to both the X-and Ka-bands for space exploration, the bandwidth in the Ka-band is 10-fold greater than that in the X-band, which results in a higher data rate. In addition, since the bandwidth of the tone signal of the Ka-band is wider than that of the X-band, the precision of orbital determination is enhanced by using the Ka-band. This paper reports the experimental results of evaluating a breadboard model (BBM) of the Ka-band extender and introduces the development of an engineering model (EM).
Concept and Overview of Ka-band Extender
A next-generation X-band digital transponder was developed by JAXA in 2004 for deep space missions including Venus and Mercury exploration (Planet-C, MMO) 3) . From the start of development, our goal was to extend its X-band function into Ka-band. We bore this goal in mind when designing the internal frequency relationship and signal interfaces of the X-band transponder. Figure 1 shows a simplified block diagram of the Ka-band extender. The channel frequency is set by multiplying the base frequency, f o (= 9.55 MHz), by a number corresponding to the selected deep space channel. The Ka-band extender is designed so as to reuse design elements of the X-band transponder. In this configuration, the signals at 0.5f o , 248.5f o , and 632f o in the Ka-band extender are received from the X-band transponder. In addition, 8f o is the reference signal generated by a stable oscillator.
Consultative Committee for Space Data Systems (CCSDS) standards specify three coherent ratios for X-band uplink/Ka-band downlink operation: 749/3328, 749/3344, and 749/3360. The selected frequency translation ratio of the phase-locked loop (PLL) supports all these ratios. There are two modulators in the Ka-band extender: an analog phase modulator for conventional ranging tones and DDOR tones, and an in-phase/quadrature (I/Q) modulator for high-rate data transfer using suppressed carrier modulation. A frequency translation loop (FTL) is employed to compensate for the Doppler shift.
Since the units that generate S-band signals in the Ka-band extender are common to those used in the X-band transponder, the extender can be configured in a variety of ways, from a simple upconverter to an integrated component for use in future missions. These configurations differ in terms of the effect on the existing X-band transponder and the number of elements that must be newly developed. The goal of this project is to make an integrated X-and Ka-band transponder that can receive X-band commands from Earth, and that can transmit telemetry data in the X-band and high-speed mission data in the Ka-band. As the first step toward this goal, a BBM of the Ka-band extender has been developed 4) . In the Ka-band downlink, especially for radio science missions in deep space, frequency stability of the onboard oscillator is critical to maintaining signal properties that satisfy the mission requirements. Therefore, we have developed these components simultaneously.
Experimental Evaluation of BBM of Ka-band Extender

Modulation spectra
Narrowband modulation spectra are shown in Fig. 2 . Specifically, phase modulation and biphase ( Bi-φ ) spectra are shown for residual carrier modulation, and quadrature phase-shift keying (QPSK) and Gaussian minimum-shift keying (GMSK) spectra are shown for suppressed carrier modulation.
In addition, broadband and high-speed modulation spectra (QPSK and GMSK) are shown in Fig. 3 . In these figures, no significant distortion is present, and the spectra are considered to be in good form. The error vector magnitude for QPSK and GMSK ranged from 5% at 0.1 MSymbol/s to 10% at 10 MSymbol/s, as measured with a vector signal analyzer 4) . Therefore, analog phase modulation can be used for ranging and I/Q modulation can be used for achieving a high data transfer rate exceeding that of JAXA's existing X-band deep space transponder. 
Frequency stability and signal purity
In deep space telecommunications, frequency stability and signal purity are required for the success of radio science missions. Although high-rate data transmission and precise orbit determination need certain levels of frequency stability and signal purity, radio science is the dominant factor. Radio science investigations can be broadly divided into gravity, radio occultation, bistatic radar, and relativity experiments. To accomplish these missions, the frequency stability and signal purity of onboard telecommunication systems must be extremely high. Typical requirements are shown in Table 2 for three existing radio science missions-Planet-C (JAXA), BepiColombo (ESA), and DS-1 (NASA) [5] [6] [7] -along with the specifications of the developed Ka-band extender. This table shows that the design specifications fulfill the relevant requirements of a typical radio science mission. Note that the signal properties of the Ka-band extender significantly depend on the reference signal generated by the internal oscillator, but the internal digital signal processor (DSP) and frequency synthesizer are also possible sources of degradation in frequency stability or signal purity. Therefore, in this experimental evaluation, the reference signal was supplied by an external signal generator with known signal properties, because our primary aim is to evaluate the effects of internal circuits on signal properties. To evaluate frequency stability and signal purity, Allan variance and phase noise were measured. A block diagram of the measurement system is shown in Fig. 4 . In this measurement, the reference signal (8f o ) was supplied by a signal generator (E8663D). The measured signals were downconverted to f o with a local signal from another signal generator (E8257D) and the downconverted signal was measured with an Allan variance and phase noise measurement instrument (TSC5120A). Reference signals at 10 MHz were supplied by an H-maser to each measurement instrument to ensure high stability. The output signals of the X-band transponder (880f o ) and the Ka-band extender (3344f o ) were measured, as well as the internal signals from frequency synthesis components such as DSP (0.5f o ), PLL (176f o and 248.5f o ), FTL (248f o ), and the phase-locked oscillator (PLO; 632f o ). The measurement results are shown in Fig. 4 . Measurement results for Allan variance and phase noise at each frequency are shown in Fig. 5 and Fig. 6 , respectively. Here, Figs. 5(a) and 6(a) show the results for signal frequencies common to both the X-band transponder and the Ka-band extender. In contrast, Figs. 5(b) and 6(b)) show the results for signal frequencies unique to the Ka-band extender. Here, Allan variance, σ(τ), is defined as one-half the time average of the squares of the differences between successive readings of the frequency deviation over the sampling period τ. In Fig. 5 , the horizontal and vertical axes indicate the averaging time and Allan variance, respectively. Here, all the signals except for 632f o were inferior to the external reference signal (E8663D) in frequency stability. The 632f o signal was generated by PLO, which is a PLL circuit that uses a sampling phase detector (SPD). Both Allan variance and phase noise are low for the PLO, because it uses harmonics to produce a high phase comparison frequency. Therefore, the result for 632f o was the best. However, the PLO circuit also has weak points; for instance, it consumes more electric power rather than a typical PLL circuit. This is because the PLO needs an amplifier to amplify the weak signals synthesized by the SPD using passive elements.
The frequency stability of 632f o could not be further improved because the result for 880f o (E8663D) was the limit of the stability in this measurement and these stabilities were almost the same. Therefore, there must be several other reasons why the stability of the other signals was inferior. From the definition of Allan variance, when two signals are mixed to generate a high-frequency signal, the Allan variance of the original signal whose frequency is higher strongly affects the Allan variance of the synthesized high-frequency signal. As shown in Fig. 4 , the output signals of the X-band transponder and the Ka-band extender are synthesized 5f o and 248f o ) was the worst of all the measurements. In general, short-term linear changes in Allan variance result from white noise or flicker noise. Thus, the cause of this degradation was the noise produced by the PLL circuit (248.5f o ) in the short term. There was also degradation of the 0.5f o signal when the averaging time was greater than 100 s. However, this result is mainly attributed to the frequency stability of the external reference signal also being degraded for that averaging time, as well as to the 0.5f o signal having lower frequency than the other measured signals that were three-digit multiples of f o . Further, this degradation appeared not to affect the stability of 880f o and 3344f o . When these findings are all considered, the main cause of the 880f o and 3344f o degradation was white noise or flicker noise in the FTL circuit (248f o ) and PLL circuit (248.5f o ).
In Fig. 6 , the horizontal and vertical axes indicate the offset frequency and phase noise, respectively.
The average difference of phase noise between X-band transponder output (880f o ) and the Ka-band extender output (3344f o ) at all offset frequencies was measured to be 11.15 dB. The theoretical difference between 880f o and 3344f o is 3344 20log 11.60 dB 880
Hence, the observed difference in phase noise between 880f o and 3344f o was quite similar to the theoretical value. Regarding the degradation of phase noise in synthesizing signals, the original signal with the worst phase noise generally has the strongest effect on the characteristics of the synthesized signal. The synthesized signals 880f o and 3344f o were clearly strongly affected 248f o and 248.5f o (Fig. 6) , especially when the offset frequency was higher than 100 Hz. Although phase noise theoretically improves as the measurement frequency is decreased, Fig. 6 indicates that the phase noise of 248f o and 248.5f o was inferior to that of 880f o (E8663D), despite their lower frequency. This trend was remarkable when the offset frequency was higher than 100 Hz. The theoretical differences between 248f o and 880f o and between 248.5f o and 880f o are 880 20log
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This means that the phase noise of 248f o and 248.5f o is predicted to be about 11 dB better than that of 880f o (E8663D). However, Fig. 6 indicates that when the offset frequency was higher than 100 Hz, the measured phase noise of 248f o and 248.5f o was, on average, 11.8 dB (248f o ) and 12.9 dB (248.5f o ) worse than that of 880f o (E8663D). Therefore, the experimental results for 248f o and 248.5f o were respectively 23.4 dB and 23.9 dB worse than the theoretical value. These findings indicate that the FTL circuit (248f o ) and PLL circuit (248.5f o ) introduced white noise or flicker noise. There was also phase noise degradation in 176f o and 632f o when the offset frequency was 10-100 kHz, owing to the loop filter characteristics in each PLL or PLO circuit. However, the phase noise of the final signal (880f o or 3344f o ) seemed unaffected by this degradation.
Despite the sources of Allan variance degradation and phase noise degradation discussed thus far, the output signal properties of the Ka-band extender satisfied the requirements listed in Table 2 . Thus, the degradation of 248f o and 248.5f o can be regarded as acceptable. Moreover, if the FTL and PLL were replaced with the PLO, power consumption and Doppler shift compensation would inevitably worsen in a trade-off for frequency stability and signal purity. Therefore, the method of frequency synthesis and each component of the BBM of the Ka-band extender were deemed appropriate for meeting the development requirements. These measurements also revealed that the frequency stability and signal purity of 880f o and 3344f o can be improved by adjusting the FTL and PLL circuits if the mission requirements are much stricter. 
Developing EM of Ka-band Extender
The goal of this project is to make an integrated X-and Ka-band transponder. The flight model (FM) of the X-band transponder is shown in Fig. 7 . It is preferable that the Ka-band extender fit within the uppermost section next to the PLO circuit of the X-band transponder. Furthermore, the integrated transponder must have properties such as size, weight, and power consumption that equal or surpass those of existing transponders and ones under development. Toward this end, an EM of the Ka-band extender is now under development. The size, weight, and power consumption specifications, which were set by considering the integration target, are shown in Table 3 along with the relevant specification of the Ka-band extender BBM. The BBM was quite large and heavy to allow for ease of measurement and flexibility of the measurement configuration.
Commercially available Ka-band radio frequency (RF) components including the filter, amplifier, and mixer were selected because they are easy to attach and detach repeatedly.
In addition, there were many connectors, semi-rigid cables, and isolators in the BBM (Fig. 8) . Some of them can be removed from the EM to reduce size, weight, and power consumption; however, the EM must retain the same signal properties as the BBM, including frequency stability and signal purity. To achieve this, several experiments using the BBM were conducted. One of them was a comparison of phase noise with and without Ka-band isolators. Isolators (red circles in Fig. 8 ) connected to the frequency multiplier, band path filter (BPF; 3520f o ), mixer, and BPF (3328f o , 3344f o , and 3360f o ) were the measurement objects. The results are shown in Fig. 9 . Here, 10 MHz reference signals for each measurement instrument were supplied from an oven controlled crystal oscillator. Therefore, there is a slight difference between the results shown in Fig. 6 and Fig. 9 . However, the most important point regarding this measurement is not the reference signal's properties, but rather the measurement environments being the same except for the isolators. For this reason, the minor differences between Figs. 6 and 9 are not important. In Fig. 9 the phase noise with and without the Ka-band isolators was nearly the same, because the return loss of each device was small. Therefore, these isolators can be omitted from the EM. In addition, a monolithic microwave integrated circuit (MMIC) is planned to be adopted in EM development. Doing so will reduce the number of necessary connectors and semi-rigid cables. As a result, the size and weight of the EM is expected to be about one-fourth that of the BBM. Moreover, in the BBM, connector loss and cable loss in the Ka-band are main causes of the BBM's high power consumption. By contrast, in the EM, these losses will be reduced because Ka-band RF components and RF lines will be mounted on the circuit board with the MMIC. Consequently, the power consumption of the EM will be three-fourths that of the BBM. Through such improvements, the EM of the Ka-band extender will be able to meet the size, weight, and power consumption requirements listed in Table 3 . 
Conclusions
An onboard Ka-band extender for future JAXA deep space missions was discussed.
Ka-band technology will be introduced in such missions to enable high-rate data transmission, precise orbit determination, and planetary exploration. In this research, a Ka-band extender was designed so as to reuse design elements of an existing X-band transponder. A BBM of the Ka-band extender was used in experiments to evaluate modulation spectra, frequency stability, and signal purity. The results revealed that the Allan variance of the Ka-band output signal was less than 1 × 10 -12 (at 1 s), 1 × 10 -13 (at 10 s), and 1 × 10 -14 (at >100 s). Phase noise of the Ka-band output signal was less than -50 dBc/Hz (at 1-10 Hz), and -60 dBc/Hz (at >10 Hz). From the measurement results, the BBM was found to satisfy the performance requirements for deep space missions. These measurements were conducted with an external reference signal to assess the degradation due to the internal circuits. Then, the Allan variance degradation and phase noise degradation caused by the internal PLL and FTL were also measured.
The measured phase noise degradation was about 25 dB from the theoretical value. Therefore, there is still room for improvement in the EM and FM of the Ka-band extender.
Based on the knowledge acquired through the evaluation of the BBM, the size, weight, and power consumption of the EM will be reduced. A part of this research and development will be applied in the Hayabusa 2 mission.
